Abstract
Introduction
is generally used for a single event in outcrop-scale studies, but which may contain more than one 46 flow phase (Jackson et al. 2009 ). Alternatively, the term mass-transport complex (MTC) is commonly 47 used in seismic interpretation, and refers to features that can only be imaged on large seismic surveys 48 (Weimer and Shipp 2004) , or when several MTDs are present but cannot clearly be distinguished 49 from one another (Weimer and Shipp 2004) . 50
The integration of both seismic and outcrop-based datasets have helped to improve our 51 understanding of mass-transport processes and their distribution in deep water settings (e.g Mutti 52 towards the SW ( Fig. 2 and 3a) , that evolve down regional dip into large sandstone blocks embedded 137 in a finer matrix ( Fig. 2 and 4a) . 138
Two styles of deformation are observed within the sandstone unit, (i) imbricate-dominated ( Fig.  139 2 and 3a) and (ii) block-dominated ( Fig. 2 and 4a) . 140
Imbricate-dominated sandstones 141
The imbricate-dominated sandstones, which are ~8 m thick and can be traced laterally for over 142 ~70 m, are characterised by a set of three thrust imbricate slices and a 'pop-up block'. The 'pop-up 143 block' is bounded by two oppositely dipping thrusts (Fig. 3b) . This structure passes into a thrust stack 144 with an emergent imbricate fan morphology (Fig. 3a) . The thrust stack is composed of three internally 145 coherent imbricate slices, that diverge upwards from a sole or 'floor' thrust. These imbricate slices are 146 separated by two sets of thrust planes, and are buttressed against the block-dominated portion of the 147 deposit (Fig. 3a) . The imbricated sandstone layer overlies a mudstone unit that is up to 2 m thick, and 148 is locally injected along the thrust faults between the imbricated sands ( Fig. 3a and c) . The contact 149 between the mudstone and the sandstone is irregular due to remobilization and emplacement. 150
However, the presence of symmetric flame structures suggest that a depositional contact may be 151 locally preserved between the sandstone and mudstone, although the flame structures could also have 152 been formed during a later fluid scape event (Fig. 3d) . 153 A debrite unit is situated in the uppermost portion of the mudstone, normally occurring a few 154 centimetres below the contact between the mudstone and the overlying sandstone (Fig. 3b, d and e) . 155
The debrite is concordant with the mudstone bedding, and occurs as discontinuous bodies that locally 156 thicken and thin. The debrite is generally thin (~4 cm) in comparison with the block-dominated 157 described below. Additionally, brittle deformation in the form of contractional faults with a few cm of 158 displacement propagate from the mudstone into the sandstone (Fig. 3a and c) and locally affect the3.1.2
Block-dominated sandstone: 162
This unit consists of large sandstone blocks that range from 2 to 4 metres in height (vertical axis) 163
and from 5 to 12 m in width (horizontal axis). These blocks are embedded within the debrite 164 described above (Fig. 4a, b) and are almost entirely surrounded by a thin layer of mudstone ranging 165 up to 30 cm in thickness. The basal contact of the blocks shows signs of interaction between the 166 sandstone, mudstone and the debrite (e.g. irregular boundaries, downward and upwards injections, 167 ripped-up clasts) (Fig. 4c, d , e and f) and are therefore very different from the imbricate-dominated 168 sandstone described above. 169
Where sandstone blocks are positioned on top of the mudstone, it is possible to see downwards-170 directed injections of sandstone into the mudstone layers. The injections are shallow and the geometry 171 resembles small apophyses or 'fingers' that range from 2 to 12 cm in length (Fig. 4c, d , e and f). 172
Locally, thin sandy layers within the mudstone unit are folded (Fig. 4b) . The short 'middle' limbs of 173 such folds are thicker than the upper long limb, that are stretched and appear to have undergone 174 boudinage resulting in pinch-and-swell like structures (Fig. 5a ). Such folds are only found where the 175 debrite layer is positioned below the mudstone unit. In addition, the sandstone blocks display thin 176 seams of anastomosing mud injected upward at their base, while clusters of mud-clasts are observed 177 at the same horizon as the seams. (Fig. 5b, c) . 178
The debrite forms the matrix in which blocks are contained; however they also occur at the base 179 of the deposit as discontinuous lenses that display pronounced lateral changes in thickness up to 30 180 cm. Locally, the debrite is injected downwards and truncates the bedding in the mudstone (Fig. 5d) . 181
The debrite also intrudes upwards into the mudstone to form dykes and diapir-like structures that 182 deform the adjacent mud layers (Fig. 5e ). These injections also spread laterally as sills that form 183 pinch-and-swell like geometries (Fig. 5e ). When the sandstone is positioned above the debrite, it is 184 possible to see evidence of the debrite having injected upwards. The sandstone layers are locally 185 pulled apart and boudinaged, with debrite infilling the necked areas (Fig. 5f ). Such injections andrange in size from 5 up to 60 cm, with smaller clasts displaying a moderate to high sphericity, and are 189 sub-rounded to rounded. Conversely, the larger clasts are elongate and sub angular ( Fig.5g and h) . 190
Structural interpretation of the fault-dominated MTD 191
We interpret the geometries described above to represent different processes and stages within 192 the same deformational event (Fig. 2) . The imbricate-dominated geometries have a compressional 193 character represented by a pop-up block and the three imbricates (Fig. 2 and 3a and b) . They are 194 considered to have deformed the same continuous sand layer that was repeated and imbricated as in 195 classic thrust geometries (e.g. Butler 1982 ). An alternative explanation could relate to the imbrication 196 and 'collision' of originally separate sandstone blocks (rather than a continuous sandstone layer) due 197 to a change to overall compression. We suggest that this is unlikely due to the similar character of 198 each sandstone imbricate, and the lack of debrite infilling the gaps between the sandstone blocks. The block-dominated geometries are more extensional in character and are translated in the form 205 of separate sandstone blocks surrounded by mud and encased in the debrite (Fig. 2 and 4a) . Such 206 blocks also show aspect ratios (long (x) axis versus short (y) axis) of around 3 in 2D section, 207 suggesting that they may have undergone boudinage. 208
Most of the sandstone blocks display mud clasts and mud seams at the base ( Fig. 5b and c) and 209 downwards injection of sand (Fig. 4c, e and f) , indicative of interaction with the underlying mudstone 210 horizon. Such features are not observed in the imbricates, suggesting two different stages of 211 disaggregation over a relatively short distance. Additionally recumbent folds are observed below 212 some of the blocks (Fig. 4b) , suggesting that horizontal contraction also occurred. In this case, folds 213
show a pinch-and-swell structure on the upper limb (Fig. 5a ), indicating overprinting of 214 compressional features by subsequent extension or by progressive deformation when the deformedAlsop and Marco 2013). 217
Emplacement Model 218
Here we suggest a simple model to explain the emplacement of the fault-dominated MTD, 219 according to field observations and the relationship between the units (Fig. 6) .The fault-dominated 220 MTD is sandwiched above and below by an intercalation of mudstones and bedded sandstone layers 221 (heterolitic unit) that extend for at least tens of metres in both directions. 222
In our model, the pebbly mudstone (debrite) was deposited on top of mudstone, and this was 223 followed by further mudstones and intercalated mudstone with thin sandstone layers. Deposition of 224 these overlying mudstone may have trapped water within the underlying pebbly mudstone. This 225 sequence was then 'capped' by the deposition of a thick (up to 8 m) sandstone package, that was 226 subsequently deformed (Fig. 6 ). 227
Our model places the detachment surface at the base of the pebbly mud while the sea floor was at 228 the top of the sand package (Fig. 6 ). Although the triggering mechanism for slope failure can only be 229 inferred, the action of gravity on a rapidly deposited thick sand package that overlies a wet pebbly 230 mud could be sufficient to create instability and cause failure. However a seismic event can not be 231 discounted as a possible trigger. 232
In order to generate the deformational features described above (sandstone blocks, sandstone 233 imbrication, sand and mud injections etc.) we assume that the mudstone and sandstone were 234 unlithified at the time of the failure. Evidence of this is provided by interrelationships between the 235 three units, where mud seams, clasts and sand injections are found at the base of sandstone blocks, 236 with pebbly mudstone injecting into all units and ripping off clasts in the process. As the MTD 237 translated downslope, the sandstone was fragmented, with blocks and individual fragments 238 boudinaged by the flow as they sunk into the mudstone, which then wrapped around the fragments 239 (Fig. 6a) . In contrast, in the imbricate-dominated setting, the sandstone appears to have moved as a 240 single unit, undergoing limited deformation until it was butressed and developed thrust imbricationThe pebbly mudstone occurs as thin lenses below the imbricate-dominated sandstone and appears 243 to be 'squeezed out' by the compressional character of the imbricate-dominated zone. However, 244 downdip from the imbricates, the pebbly mudstone apparently injects upwards into the mudstone and 245 sandstone, ripping up clasts from both units and becoming the flow matrix as it was pushed upwards 246 (Fig. 6b) . 247
Moreover, the propagation of brittle structures such as reactivation of thrust faults into the 248 mudstone ( Fig. 3d) , and the sharp thrust contact in the pebbly mudstone below the sandstone (Fig.  249 3e), are suggestive of post-depositional creeping, and either a rapid change in the rheological 250
properties of the pebbly mudstone into a rigid state, possibly due to dewatering, or a dramatic increase 251 in strain rate. Furthermore, the turbidite sequence located below the MTD displays growth strata in 252 the form of a fanning shape geometry of its beds, and is consistent with creeping (see Figure 13 from 253
Kneller et al. (2016)). 254

Fold-dominated MTD 255
The fold-dominated MTD crops out beside a dry riverbed just southeast of the RN 150 road 256 (point 5 on Fig. 1b) . The exposure is up to 3 m high and is ~ 40 m long, encompassing a ~2 m thick 257 slump unit composed of deformed mudstone with thin sandstone turbidites (up to ~1 cm thick ) and an 258 outsized (up to ~ 30 cm thick) red sandstone bed that is broken up into fragments (Fig. 7a) . The MTD 259 is overlain by an intercalation of thin sandstone and mudstone layers (up to ~2 cm), which form a ~ 18 260 cm thick unit that truncates the underlying folds, suggesting an erosive contact (Fig. 7b ). This 261 sequence is overlain by a further ~10 cm thick red sandstone layer, followed by a ~25 cm unit 262 composed of thin sandstone beds (up to ~1 cm) intercalated with mudstone layers (up to ~2 cm). 263
Finally, this local sequence is capped by a 20 cm thick pebbly mudstone layer. The main structural 264 characteristics of the deposit are the deformed unit containing slump folds, sandstone blocks, sheared
Slump Folds 267
The slumped unit is intensely deformed and contains thin sandstone layers deformed into SE-268 and NW-verging folds ( Fig. 7c and d) . The SE-verging folds have gently NW-dipping axial planes 269 (mean strike and dip 061/17NW), with axial-planar strikes distributed over a limited 100° arc (Fig.  270 7d). The NW-verging folds are marked by gently E-dipping axial planes (mean strike and dip 271 000/13E) with strikes ranging over a slightly more limited 74° arc (Fig. 7d) . Both fold types have 272
hinges that plunge at shallow angles towards the ~NNE (mean 036°), with hinge trends distributed 273 over a 48° arc (Fig. 7d) . 274
In general, the folds are asymmetric and are marked by the development of upright folds (early 275 stages) through to progressively inclined asymmetrical fold (later stages), suggesting potential 276 modification by progressive simple shear (Alsop and Marco, 2013). Such asymmetrical folds display 277 long, stretched and thinner limbs, interpreted to lie in the extensional field, while shorter and thicker 278 limbs lie in the contractional field of the strain ellipse (Fig. 7c) . 279
Additionally, asymmetric, doubly-vergent folds that resemble a box-fold geometry occur within 280 the slump horizon, with two sets of axial planes for each hinge located in the 'edges of the box' (Fig.  281 7e). These axial planes dip in opposite directions and converge downwards towards a single point. 282
The large doubly-vergent fold in the La Pena slump is bounded by two shear planes, one of which 283 entirely truncates the upper limb of the fold, while the other stretches and thins the lower limb (Fig.  284 7e). The box fold geometries are interpreted as detachment folds, and are the result of buckling above 285 an easy-slip horizon where the detachment propagates (Fossen 2010 ; Alsop and Marco 2013). 286
Slump fold evolution 287
It is possible to recognise five general stages of fold evolution within the slumped interval. These 288 stages are; (i) asymmetric folds, described in section 3. around it as if they were rotating ( Fig. 8a and b) . This sequence is generally considered to relate to an 296 increase in overall shear strain within the slumped unit. 297
The least deformed end member is represented by (i) asymmetrical folds ( Fig. 7c and 8b) as 298 described above, which are recumbent and characterized by a longer and thinner limb adjacent to a 299 shorter and thicker limb. As flow progresses, shear strain increases and internal detachments start to 300 develop. These truncate the folds and cut the short limbs of the fold close to the fold hinges achieving 301 the second stage (ii), incipient shearing ( Fig.8b and c) . Following that, the shear surfaces evolve, 302 resulting in the offset of one of the limbs, leaving only the fold hinge and the other limb, forming the 303 third stage (iii), sheared fold limbs ( Fig. 8b and d) . As hinges gradually start to rotate, fold limbs 304 begin to show signs of shearing and attenuation as they start to thin and fade into the matrix, with only 305 part of the fold surviving as a rounded body of sand (iv),forming a limbless fold (Fig.8b and c) . 306
Finally, the most deformed end-member (v) hinge rotation is the severed fold hinge that behaves as a 307 block and rotates within the flow thereby deforming the strata around it (Fig.8b and e) . 308 309
Outsized sandstone layer 310
The fold-dominated MTD contains several fragments of an outsized sandstone bed of variable 311 thickness (up to ~30 cm) that are preserved as slabs and blocks, discriminated by aspect ratio; the 312 slabs are up to ~15 cm thick and up to ~2.5 m long, while blocks can be up to ~30 cm thick and 55 cm 313 long. Such slabs are scattered throughout the deposit and appear to be derived from more than one 314 outsized bed, because individual single slabs are mostly found in the upper part of the slump unit, 315 while continuous and sheared slabs and blocks are aligned along the same horizon (as if they were 316 originally a single bed) in the lower part of the slump (Fig. 8a) . 317
Slabs in the upper part of the slump are broken into smaller pieces up to ~50 cm long that show 318 weak internal deformation and attenuated edges when compared to slabs from the lower part. Such 319 attenuation may indicate that the flow was interacting with the slab in a more abrasive way, or suggest 320 that the difference in competence between the flow matrix and the sand slab was forcing the slab to 321 undergo boudinage by the flow. Where larger slabs are folded, the thickness of the deformed sandlayer is greater in the fold hinge and gets progressively thinner towards the limbs (Fig. 7c) . Such 323 structures may result from progressive simple shear of a competent layer, where buckling and folding 324 are followed by unfolding, stretching and boudinage of fold hinges and limbs as simple shear 325 proceeds (Van der Wateren et al. 2000). In some cases, the outsized sandstone layer can be found as 326 rounded bodies of sand or blocks (Fig. 8e) . 327
Sand slabs and blocks in the lower part of the slumped unit are all located along the same 328 horizon, which acts as a marker for thrust planes that offset the layer (Fig. 8a and d) . The slabs in the 329 lower part, which are very similar to those described above from the upper part, are rectangular 330 shaped, weakly deformed and sheared. Attenuated edges rapidly disintegrate into a thin (~ 2 cm) seam 331 of sand-rich matrix that connects to another slab or block. Although blocks have a variable shape, 332 they all share an ellipsoid geometry, and are thicker than the slabs described above ( Fig. 8c and d ) 333 In order to better constrain the overall transport direction, we also gathered structural data from a 344 separate debritic interval. This interval is located a couple of metres below the fold-dominated MTD 345 (point 6 on Fig. 1b) , and is composed of a debrite containing numerous mud clasts (Fig. 9a) . We 346 measured the orientation of the long axes of the mud-clasts, as exposed on bedding planes, and they 347 are orientated towards ~ 040° and interpreted as lying parallel to the NE-directed transport direction (Fig. 9b) . In summary, we have used three different techniques to determine transport direction, and 349 all three deposits provide similar flow directions. We are therefore confident that the main flow 350 direction within this part of the basin, at least for the studied intervals, was towards the NE. As suggested above (section 3.1.4), the additional load caused by the deposition of sand, or 376 another trigger mechanism, caused the debrite to become unstable. The debrite transformed into a 377 liquid-like state by one or more of the processes described in the paragraph above leading to 378 downslope failure, with the sands sinking into the liquefied debrite. As the MTD translated 379 downslope, the sand layer was fragmented and deformed by the flow. The fragments that have a 380 blocky shape show evidence of layer-parallel extension, as they are more competent than the 381 surrounding debrite and undergo boudinage. In contrast, the imbricate-dominated sandstone shows no 382 signs of liquidization. in the studied sucession are the upwards injection of debrite into the mudstones as dykes and diapir-388 like features (Fig. 5e and f) . However, such injections can locally be in any direction, including 389 downwards (e.g. Peterson 1968; Hiscott 1979; Huang 1988 ), exactly as shown by the downwards 390 injecting debrite (Fig. 5d ) and sandy injections (Fig. 4c, e and f) intruding the mudstones and the 391 lateral debritic sill-like intrusions. The downwards pointing sand injections suggest that the sandstone 392 blocks were also liquified; the same assumption can be applied to the mud clasts and seams found at 393 the base of the sandstone blocks, where the mud clast would result from the erosion of the underlying 394 mud horizon, and the mud seams from its upward injection. On the other hand, the sandstone blocks 395 were undergoing shear-stripping, as mudstone and sandstone clasts were ripped out and incorporated 396 into the matrix (Fig. 5g and h) . Such clasts show a rigid behaviour rather than liquid-like, and the 397 physical state of the sandstone blocks is therefore complex and varies along the MTD. 398
Kinematic Indicators
Comparing the structures observed in the fault-dominated MTD with the structures described and 399 interpreted by Strachan (2002) , suggests that liquefaction was the major process acting on the MTD.
Thrust faults (compressional) 402
Thrust systems in MTDs have been widely described from seismic (e. (Fig. 10) . 486
The slump fold geometries and style described in the fold-dominated MTD are very similar to 487 the LNS pattern describe above from Alsop and Holdsworth (2007) . The bimodal fold vergence 488 distribution and facing pattern, the oblique asymmetric (Z and S) type of folding developed sub-489 parallel to flow, and the axial planes dipping in opposite directions are all consistent with LNS-490 dominated flow (Fig 10a and b) . The development of thrust faults which strike sub-parallel to inferred 491 flow, and with displacements directed away from one another, together with the mean axial plane and 492 the clustering of fold hinges of the SE and NW verging folds, all suggest that the fold hinges diverge 493 away from one another in a downflow direction (Fig 7d) . Thus, the overall geometry of the faults plus 494 the deformation and offset of the outsized sandstone bed clearly demonstrate a depression surface 495 flanked by culminations. The overall behaviour of the flow is therefore consistent with a depression 496 surface in the LNS model (Fig 10a and b 
